Recent coupled code benchmarks identified coolant mixing in the reactor vessel as an unresolved issue in the analysis of complex plant transients with reactivity insertion. Thus, Phase 2 of the OECD VVER-1000 Coolant Transient Benchmark (V1000CT-2) was defined. The benchmark includes calculation of vessel mixing tests and main steam line break (MSLB) analysis. The reference plant is Kozloduy-6 in Bulgaria. The general objective is the assessment of system codes for VVER safety analysis and specifically for their use in the analysis of reactivity transients. A specific objective is the testing of different scale mixing models (mixing matrix, multi-1D, coarse-3D and CFD), and analysis of MSLB transients with improved vessel thermal hydraulic models. The benchmark is sponsored by CEA-France and OECD and is jointly prepared by CEA and INRNE, in collaboration with the Kozloduy NPP, IRSN and PSU. This paper summarizes CATHARE2 code assessment calculations using multi-1D vessel thermal hydraulics with cross flow. Test cases are the OECD V1000CT-1 pump start-up benchmark and the V1000CT-2 benchmarks. Emphasis is put on vessel mixing aspects. Separate effects in the lower plenum as well as component and integral system tests are considered. The comparison shows that a six-sector vessel mixing model informed by plant data or validated CFD calculations in the initial state was able to correctly reproduce the channel average temperatures at the core inlet as well as the vessel outlet temperatures. Testing at system level including code-to-experiment and CATHARE-ATHLET comparison shows that the considered CATHARE VVER-1000 system model is capable of MSLB simulation.
Introduction
This work is motivated by the need for improved vessel and system thermal hydraulic models in the analysis of reactivity transients in VVER. The objective is to validate and test for MSLB computationally efficient multi-1D vessel thermal hydraulic models with cross-flow. The test cases consist of the OECD V1000CT-1 pump start-up benchmark [1] and the V1000CT-2 benchmark, respectively vessel mixing [2] and VVER-1000 MSLB [3] .
Original plant data from Kozloduy-6 transients including steam generator isolation and main coolant pump (MCP) start-up are available for thermal-hydraulic models validation. These tests, along with a pump coast-down transient are relevant to the analysis of VVER-1000 MSLB from hot full power. The latter involves thermal mixing with all MCP running, pump trip in the faulted loop and operation with reduced number of MCP.
The paper presents CATHARE2 results as compared to experimental data and to ATHLET multi-1D calculations [4, 5] .
VVER-1000 System Model
The system model is based on a CATHARE2 V1.3L_l input data deck, developed by IRSN and INRNE [6, 7] and adapted for CATHARE2 V2.5_1 [8] .
For the purposes of this analysis the input file includes: -6-sector vessel model with cross flows -modeling of the horizontal steam generators (SG) using 6-layer tube bundle and finer nodalization of the secondary side recirculation path -improved modeling of the steam lines and controllers The VVER-1000/V320 input file for MSLB has been tested against the OECD VVER-1000 Coolant Transient Benchmarks (V1000CT-1 and V1000CT-2). The analysis presented here includes:
-reactor calculations -separate effects (down comer and lower plenum mixing), component (vessel) response and integral system tests -comparison to plant measured and computed data
1 Cathare nodalization scheme
• Four-loop system model • Six-sector reactor vessel model all the way from the inlet to the outlet • Vessel inlet zone is modeled with 6 volume elements • Down-comer is modeled with 6 x 2 volume elements (CATHARE2 V1.3) or 6 axial elements (CATHARE2 V2.5) • Lower plenum is modeled with 2 layers x 6 volumes • Twelve channels in the core (6 main and 6 bypass channels) • Ten axial nodes in the core • Upper plenum (shielding tubes zone) with 2 layers x 6 volumes • Upper plenum (annular zone) with 6 volumes • Upper plenum (outlet zone) with 6 volumes • Upper head with 2 volumes • The pressurizer is modeled with one volume • SG secondary side is modeled with an axial component both for the down-comer and riser, and two volumes for the upper part of the vessel • SG tube bundle primary side is modeled with 6 layers and 10 axial nodes • Four steam lines connected through the Main Steam Header (MSH) • MSH modeled with two volumes and one axial element • The broken steam line is modeled with appropriate mesh refinement (1mm mesh at the break)
2 Vessel mixing model
The vessel mixing is modeled through cross-flow between the parallel channels and is governed by tuned local pressure drops. Tuning, if appropriate, is achieved in the initial steady state through adjustment of the flow resistance in horizontal cross-flow junctions and eventually flow area in vertical (diagonal) junctions. Plant data and validated CFD calculations were used to inform the multi-1D vessel mixing model. 
Results and Discussion
This study concentrates on the assessment of a CATHARE2 VVER-1000 system model and a multi-1D vessel thermal-hydraulic model for their application in MSLB analysis. In the analysis below the main features of the test problems and computed results are discussed.
Calculation of the Kozloduy-6 pump start-up experiment
The objective is to validate the vessel mixing model in case of three MCP in operation and reversed coolant flow in one loop. The test case is part of the OECD V1000CT-1 benchmark, Exercise 1 with point kinetics as described in reference [1] . The task is to simulate the transient initiated by the start-up of MCP #3 at 27.4% of the nominal power level, when three other pumps are in operation. The transient is characterized by flow redistribution which causes 3D core power redistribution. The control rods do not move and the total power change is less than 1%. This case can be considered as a vessel mixing problem with neutron kinetics. The time histories show a difference in the initial fast transient which is mainly due to the time delay of thermal sensors. It can be shown that if the delay is taken into account the agreement with the experiment is good, see the comparison of V1000CT-1 benchmark results [9] . 
Calculation of the Kozloduy-6 vessel mixing experiment
The main objective is to validate the vessel component TH model for the mixing pattern corresponding to loop heat-up or cool-down with all MCP in operation. The test problem is the OECD V1000CT-2 benchmark, Exercise 1 described in reference [2] . This is a loop heat-up transient at 9.4% core power initiated by isolation of SG-1. All MCP remain in operation. Because of the low power and a close to zero moderator temperature reactivity coefficient the core power distribution changes very little and the transient can be considered as a pure thermal-hydraulic problem.
The task is to calculate the vessel thermal-hydraulic parameters (temperatures and flow rates) at specified points, given the vessel inlet and outlet boundary conditions and the core outlet pressure. There is an option with full plant calculation for validation of the system model.
Plant measurements at the vessel inlet/outlet and the core outlet (95 FA) are available for code validation. In addition, core inlet temperatures were estimated from assembly outlet measurements [2] and used as reference. Fig.6 illustrates the experimentally observed mixing pattern through the mixing coefficients at the assembly outlets:
Cnk=Gn->k/Gk x 100 (%), k=1,163
where Gn->k is the mass flow rate contribution from loop n to assembly k, and Gk is the total mass flow rate in assembly k.
The computed assembly inlet distributions were obtained from the channel temperatures using the mapping scheme in Fig.7 which yields 13 temperatures at the core inlet. The temperature at the boundary between two sectors is taken as the average of the two sector temperatures. Table 1 shows CATHARE 1.3_L results of the benchmark problem as compared to plant data and ATHLET code results from full system simulation. The results correspond to t = 1800s considered as the final state. The code-to-experiment comparison includes:
-sector-average parameters at the core inlet -integral parameters at the vessel outlets For this comparison ATHLET used a similar vessel nodalization (6+1 channels) and a validated user model of VVER-1000/V320 nuclear plant [10] , [11] . The computed and measured results are in good agreement. Figure 8 shows the assembly-by-assembly core inlet temperatures calculated by CATHARE at t=1800s and compared to plant data and the reference TRIO_U solution [12] . The multi-1D computed temperatures are in good qualitative and reasonable quantitative agreement with the plant data. Figures 9 through 12 show the time histories of hot leg temperatures as predicted by full plant simulation. The CATHARE results are in reasonable agreement with the experimental data. In terms of integral parameters CATHARE and ATHLET results are close to each other. The predictions of ATHLET are somewhat closer to the measurements, partly due to a better initialization of the loop flows [4] . 
Large MSLB between SG and SIV with all MCP in operation
The objective is to test the system model and the validated vessel mixing model by code-to-code comparison for VVER-1000 MSLB calculations. The case to be analyzed is a pessimistic MSLB scenario [3] derived from the one used for licensing by assuming that the MCP in the faulted loop fails to trip on signal and all reactor coolant pumps remain in operation. The scram worth is assumed additionally reduced (through adjustment of the cross sections). The maximum overcooling is app. 80 K and occurs in the faulted loop. Both point kinetics and 3D kinetic models are expected to predict return to power.
The comparison of CATHARE and ATHLET results can be summarized as follows. For the purposes of this analysis both codes used compatible point kinetics with given kinetic parameters. The nodalization was similar. In order to reduce the sources of uncertainty CATHARE used the ATHLET calculated feed-water boundary condition to the faulted ,SG#4 as shown in Fig.17 . Thus, the major differences are expected to come from the modeling of secondary circuit leaks (driving events) and vessel mixing.
The comparison of time histories of selected parameters is shown in Figs. 13-22. It can be seen that:
-ATHLET predicts higher break flow rates (liquid and total) in the first 20s of the transient -ATHLET predicts larger bypass-to-condenser (BRU-K) flow -there are small quantitative differences in the vessel mixing reflected in the cold leg temperatures -CATHARE predicts deeper absolute overcooling in the primary loops, mainly due to the fixed conservative values of 170 C for feed-water temperature -ATHLET predicts a few percent larger return to power mainly because of differences in the secondary circuit leak flow -there is reasonable overall agreement.
The break flow rates (Fig.14) and the integrated break flows (Fig.15 ) agree well except for the liquid break flow in the first 20s of the transient, see reference [4] . It should be noted that the ATHLET break flow model for horizontal steam generators used empirical tables for the dependence of the liquid fraction on the SG level and void fraction, while the CATHARE model used fixed tuning. The ATHLET predicted liquid break flow rate is considerably higher. The simplified steam dump controller models used in this run by CATHARE performed reasonably well in comparison with the detailed controller models in ATHLET-see Figs. 16, 18 and reference [4] . CATHARE used a multi-1D vessel model tested against the OECD coolant mixing benchmark, using plant data for heat-up of loops #1 and #4 in the specifications [2] . ATHLET used a similar model with horizontal cross-flow junctions only.
The ATHLET user model is validated for NPP with VVER-1000/V320 and especially for the horizontal steam generators and the controllers in the secondary circuit [10] , [11] . The code-to-code comparison provides a test of the CATHARE2 input model for complex plant transients with reactivity insertion.
Since the CATHARE V1.3_L and V2.5_1 input models were essentially the same (with slight refinement of the down-comer and SG in V2.5), this comparison can be considered as a non-regression test of the V2.5_1 input data file. 
Conclusions
Measured plant transients and the OECD VVER-1000 MSLB benchmark Scenario 2 were calculated with computationally efficient CATHARE2 and ATHLET models using multi-1D vessel thermal hydraulics.
The six-sector vessel mixing model informed by plant data or validated CFD calculations in the initial state was able to calculate qualitatively correct assembly inlet temperatures (within 3 K). Further mesh refinement is necessary for improved resolution.
Comparisons at component level show that the six-sector model can correctly reproduce the channel average temperatures at the core inlet as well as the vessel outlet temperatures.
Testing at system level including code-to-experiment and code-to-code comparison shows that the considered CATHARE VVER-1000 system model is capable of MSLB simulation.
